Abstract-The motivation of this research work is to provide a sense of embodiment to prosthetic users by supplementing their devices with sensory feedback to the residual upper arm. This sensory feedback replicates the tactile sensory system of glabrous skin that covers palm and flexor surfaces of fingers. In this work, we produced vibration patterns that will be perceived at the upper arm, according to signals obtained by a prosthetic finger when sliding across fabricated textured surfaces. This was done by transforming the signals to 'on' and 'off' pulses in the LabView environment and then forwarded to a data acquisition board to provide voltage signals to a vibration actuator. We implemented a novel frequency measurement procedure to maintain a vibration frequency of 250 Hz, which is the optimum frequency of the mechanoreceptors underneath the skin of the upper arm in detecting vibration. The outcome from this research work leads to optimistic possibility that a touch sensation that was previously lost could be restored to different parts of the body. This undoubtedly will increase users' acceptance of the device as a part of their body due to its 'lifelike' quality.
I. INTRODUCTION
The sense of embodiment, or body ownership, makes an important factor for self-recognition. Typically an amputee do not regard the prosthetic device attached to his residual arm as part of his body [1] . Consequently, this becomes one of the factors that the device is under-utilized, and to some extent, rejected regardless the numerous functions offered by the device [2] . However, several research works have shown that the sense of embodiment with prosthetic devices could be improved when sensory feedback is restored [3] [4] . Force, pressure and temperature sensors have been designed within the prosthetic device to ensure more control by the user in manipulating the grasped object [5] , [6] , [7] while a slip sensor made it possible for object slippage prevention [8] , [9] .
Apart from the capability to manipulate grasped objects, another important feature of a heathy hand that is often neglected is the sense of touch, a sensation exclusively provided by the glabrous skin that covers the palm and fingers. This tactile sensation is very useful as it has superior sensitivity as compared to visual, or even auditory senses [4] , [10] .
Raspopovic [11] demonstrated the capability of a bionic hand, wired to a patient's nervous systems that enables him to receive touch signals from the skin sensors. It was reported in works by Di Pino [12] that with the employment of cathodal pulses of 10-300 µs with a current intensity between 10-100 µA, touch and tingling sensation could be visibly perceived by a transradial amputee. Rager [13] worked with detection of object slip and used the information to reconstruct the force components generated during the slip event to simulate firing responses of skin mechanoreceptors. Another approach in implementing tactile feedback to a prosthetic device was by using ultrathin stretchable silicone nanoribbon electronics as skin prosthesis [14] . The artificial skin was capable to detect strain, humidity, temperature as well as pressure, and passes the sensory signals to peripheral nerves using multi-electrode array. In works by Berg [15] , the tactile sensory information was conveyed via intracortical microstimulation of primary somatosensory cortex.
Referring to the list of the published literatures, it could be inferred that most methods in supplementing tactile sensory feedback to the device users involve invasive surgeries. Although proven effective, prospective users may have reservation to this considerably intrusive procedure. Therefore the focus of our research work is to transform the tactile information gathered at the fingertip of the prosthetic device into a vibrotactile sensation that could be felt at the residual upper arm. This stimulation, if not at all painful, could be manipulated to be within the acceptable intensity band to avoid nerve or tissue damages. Also, work by D'Alonzo [16] showed that the vibration supplementary sensation promotes a sense body-ownership of the attached artificial hand in transradial amputees.
In our previous study, we used a piezoelectric sensor attached to a fingertip of a Southampton Hand to acquire vibration signals as textured surface slides past the finger (Fig. 1) . With an upgraded data acquisition strategy, the piezoelectric sensor has been able to detect signal frequencies generated during the exploratory movement that reliably correlate to all the widths of grooves and ridges of the surface textures under investigation [17] , [18] . We have also investigated the capability of a selected 5 mm Eccentric Rotation Mass (ERM) motor to become the haptic actuator in producing vibration that works at 250 Hz, which is the optimum frequency of the Pacinian Corpuscle mechanoreceptors located deep underneath the skin of the upper arm [19] . We used the obtained transfer function of the motor to predict its transient responses, and experiments conducted on the motor have provided useful information about the frequency responses and effective vibration energy [20] , [21] .
In the present work, we concentrated on interfacing the information gathered from the piezoelectric sensor of the artificial hand and the surface texture to create a vibration sensation to be felt on the residual arm. The overall experimental set up for this integration stage is as shown in the following block diagram (Fig. 2) . Selected post-processed data from MATLAB that have shown reliable outputs in associating the FFT dominant frequency with the widths of surface gratings were fed into LabView. The 'on' and 'off' pulses were then generated in the LabView environment to represent the surface textures. The signals were later channeled to a data acquisition board, a high voltage isolator and a buffer circuit before becoming input signals to the motor. The motor will rotate according to the 'on' and 'off' signals and produce the associated vibration patterns.
II. SIGNAL MANIPULATION
As reported in our previous work [18] , we gathered signals from four surface textures (A, B, C and D) of different dimensions, fabricated on acrylic strips with a length of 100 mm per texture. Fig. 3 shows the dimensions of the textures.
As the surface textures under investigation were repetition of regular patterns, 'on' and 'off' signal pulses were used to closely represent the textures. 'On' pulses meant that a steady voltage signal was supplied to the vibration motor to mimic the ridge of the surface while the 'off' pulses meant that the voltage signal was cut off (or paused), to represent the groove of the surface texture. The on-off pulses are an effective method in perceiving "smooth" or "rough" sensations. A constant speed of vibration is associated to a "smooth" sensation, while short pulses is associated with "rough" sensations [22] .
The voltage to be supplied to the haptic device should provide a vibration frequency of 250 Hz as this is the optimum frequency for mechanoreceptors in the residual arm [19] . From our previous findings, the motor was able to provide a 250 Hz frequency of vibration when the voltage supplied to the motor was 2V [20] . Therefore input signals were manipulated to provide a constant 2V supply for 'on' pulses and 0V for 'off' pulses.
The durations of the 'on' and 'off' pulses, T, were calculated by taking the reciprocal of the dominant frequencies, F, obtained using a Fast Fourier Transform (FFT) analysis, which have been verified to estimate the width of grooves and ridges of the surface texture [18] . The calculated values of the duration were scaled according to the transient response of the motor. The duration should be within the capability of the motor as a very short duration will not allow ample time for the motor to be fully in rotation or in braking mode. The durations of the 'on' and 'off' pulses should also not be too long as it may cause discomfort to the users. As reported by Kaaresoja [23] , stimuli longer than 200 milliseconds is considered as annoying.
The approximate duration for the 'on' and 'off' pulses to represent the widths of grooves and ridges of the surface textures are as tabulated in Table 1 .
III. CONFIGURATION WITH LABVIEW AND DATA ACQUISITION BOARD
The durations, sequence and the number of cycles of the 'on' and 'off' pulses for all four surface textures were programmed in LabView. For ease of psychophysical investigation at the later stage, the LabView programs for all four surface textures were done in separate block diagrams. As two states ('on' and 'off') were involved, we utilized the state machine virtual instrument in this program. The duration for the 'on' and 'off' states were dependent on the dominant frequencies while the repetitions of the vibration patterns were implemented using a counter. The number of cycles was user defined and could be controlled at the front panel of the LabView.
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Finger links
We utilized the NIDAQPad-6016, a data acquisition device to channel out the pulses to the motor in generating the associated vibration patterns. In interfacing the software (programming) and the hardware (motor circuitry), a virtual channel had to be defined in the LabView environment. The virtual channel specified the output terminals that have been wired. We opted for the DAQmx virtual instruments to ensure a more flexible control of the output.
IV. HARDWARE CONFIGURATION
A. Electronic Circuitries
The output pulses from LabView became the input signals to the motor circuitry in generating vibration output. A circuit, shown in Fig. 4 was specifically built to amplify the current supply, protect the data acquisition board and isolate the motor from the mains supply.The input pulses from the DAQ will be fed into the isolator circuit. The output from the isolator was connected to the input of an inverter and then to the 22 kΩ potentiometer of the buffer circuit which will in turn power the motor. 
. Acceleration in x-axis direction for vibration patterns A, B, C and D B. Output signals
The input signals from the DAQ board were tested to see its capability in producing similar signals as programmed in the LabView environment. The signals were the four vibration patterns designed according to the acquired information of the surface textures. We mounted the motor onto an accelerometer, and measured the acceleration (g) and dominant frequencies for all four vibration patterns in the x-axis direction. The output plots for all four patterns are shown in Fig. 5 .
A further analysis was conducted to check the transient responses of the motor when subjected to the 'on' and 'off' pulses. The average transient responses for the generated vibration patterns were 41.5 and 35.5 milliseconds for rise time and stop time respectively. These transient responses, due to the starting and braking of the motor have been anticipated. Therefore to ensure sufficient vibration could be perceived at the upper arm, 80 milliseconds were added for every duration of the 'on' and 'off' pulses to counter the time losses during the state transitions.
V. FREQUENCY MEASUREMENT PROCEDURE
To ensure the vibration patterns could be effectively perceived, the frequency of vibration of the motor should be 250 Hz. This is the peak frequency for the characteristics of the mechanoreceptors underneath the skin of the upper arm in detecting vibration [19] .
We observed however, that the frequency of vibration of the output signals tended to vary although the input signal to
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the motor was constant. This variation was due to how the motor was mounted. When the motor was held stationary on top of the table, the desired 250 ± 10 Hz frequency of vibration could be achieved. However when the motor was held loosely on top of different surfaces, the frequency varied greatly. As the motor will be later attached on the upper arm, there will be high possibilities that the frequency of vibration may not be within the desired range. To address this situation, we implemented a frequency measurement and control method to confirm and maintain the frequency.
The vibration frequencies were determined through FFT analysis of the motor terminal voltage. The ERM motor consisted of three poles; hence the commutation points were three times for each revolution. To measure the frequency of vibration per revolution, the positive and negative terminals of the motor were connected to the probes of a digital oscilloscope. The motor was supplied with voltage from the DAQ board through the buffer and isolator circuits, and this input voltage was observed at the oscilloscope Fig. 6 (a) ).
We utilized the FFT function of the oscilloscope to obtain the frequency content for one revolution of the motor. As shown in Fig. 6(b) , this was done by focusing the FFT calculation at the 100 mV ac of the input signal, which was the periodic variation produced by the rotation of the motor. To ensure only vibration from the rotating mass was measured, the body of the motor was held stationary on top of a table during the measurement using a finger.
In one revolution, the motor should ideally produce 250 Hz of vibration frequency. From Fig. 6(b) , the period (T) for one revolution of the motor is 3.5 milliseconds. Therefore, the frequency for one motor revolution is 1/T = 285.7 Hz. Thus the input voltage to the motor needed to be further adjusted to achieve to the desired frequency. As the oscilloscope provided a real time measurement from the motor, the dominant frequency could be monitored and controlled. The dominant frequency could be easily changed by adjusting the potentiometer of the buffer circuit. An FFT plot from an analysis of the motor voltage is shown in Fig. 7 . The plot in Fig. 7 showed dominant frequencies at 254 Hz, 763.8 Hz and 1530 Hz, with 254 Hz, within the desired range of frequency, being the most dominant. The subsequent dominant frequencies were multiples of 3 of the first dominant frequency. This was a result of the construction of the motor which consisted of three poles. The multiples of 3 of the dominant frequencies (3 x 245 Hz = 762 Hz, 6 x 254 Hz = 1524 Hz) confirmed that the motor was working accordingly and that the frequency could be manipulated according to the desired values.
VI. DISCUSSIONS
In this work, we generated the vibration patterns from the saved data previously gathered by the piezoelectric sensor from the textured surfaces. The selected data has been postprocessed in MATLAB and had shown repeatable accurate outputs in relating the dominant frequency of FFT analysis with the widths of the texture gratings. This provides great confidence that the textures have been reliably represented by the FFT output, and by carrying forward the obtained information, the likelihood that the generated vibration patterns to represent the surface textures is high.
It is also a good practice to always check the frequency of operation of the motor. Although the voltage input provided to the vibration motor is the same throughout the investigation, the vibration output may greatly vary. A soft surface will result in lower frequency of vibration as it absorbs more vibration as compared to the hard surface. On top of that, the working condition of the motor may also deteriorate over time. Additionally, the inertia of the motor mounting platform will also affect the frequency of vibration.
Thus by implementing the frequency measurement procedure, not only the frequency could be monitored and instantly adjusted to the desired value, the condition of the motor could also be verified from the FFT output. This is because the dominant frequencies could be determined according to the number of poles of the motor. Apart from its effectiveness, this procedure only requires a low cost ERM motor to provide the associated vibration sensation due to its physical characteristics.
One revolution (T)
VII. CONCLUSION AND FUTURE RESEARCH
The integration of tactile and haptic premises for prosthetic hands has been successfully demonstrated in this research work. The haptic actuator, which is the eccentric rotation mass (ERM) motor, was able to produce associated vibration patterns with reference to the applied input pulses at a total delay time of less than 90 milliseconds. The implementation of the frequency measurement technique has improved the accuracy of the vibration actuator to produce a vibration frequency within a narrow bandwidth of 250 Hz, the optimum frequency in detecting vibration at the upper arm. This developed technique ensures consistent setting of the vibration stimuli on the upper arm and is therefore not a factor to be considered having an influence during testing human responses.
The results from this research have shown promising implementation of sensory feedback to upper prosthetic device users. The next stage of this research work will be psychophysics evaluation on healthy participants to see whether both tactile and vibrotactile sensations could be discriminated and matched accordingly.
